Abstract: A total of 2000 EST sequences were produced from cDNA libraries generated from Chinese bayberry fruit (Myrica rubra Sieb. and Zucc. cv. "Biqi") at four different ripening stages. After cluster and assembly analysis of the datasets by UniProt, 395 unigenes were identified, and their presumed functions were assigned to 14 putative cellular roles. Furthermore, a sequence BLAST was done for the top ten highly expressed genes in the ESTs, and genes associated with disease/defense and anthocyanin accumulation were analyzed. Gene-encoding elements associated with ethylene biosynthesis and signal transductions, in addition to other senescence-regulating proteins, as well as those associated with quality formation during fruit ripening, were also identified. Their possible roles were subsequently discussed.
Introduction
Chinese bayberry (Myrica rubra Sieb. and Zucc., Myricaceae) is a subtropical evergreen fruit tree widely grown in southern China [1, 2] . For most cultivars in China, the tree blossoms in March and
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April, and then the fruit ripens in June and July [1] . During fruit development and ripening, chlorophylls and titratable acids decrease, while sugars increase and, for pigmented cultivars, anthocyanins accumulate rapidly, especially during the late ripening stage. Fruit at the eating-ripe stage is delicious, with total soluble solids up to 14%, titratable acid content around 1%, and anthocyanins reaching 76 mg/100 g FW for dark-purple fruit cultivars such as the "Biqi" variety [1, 3, 4] . In addition, bayberry is a fruit with high nutritional values, due to the high content of various bioactive compounds, as well as its significant antioxidant capacity [1, 4] , anti-diabetic activity [5, 6] , and anti-tumor activity [7] . Recently, Chinese bayberry gained more and more international attention due to its unique and attractive qualities [3, [8] [9] [10] . However, the fruit has a short storage or shelf life after harvest, and fruit quality declines rapidly at ambient temperatures [4, 11] , thus impeding the development of the Chinese bayberry industry.
Some efforts have been made for regulating the fruit quality changes during its ripening and for controlling the postharvest fruit decay [12] [13] [14] . However, knowledge about the molecular mechanism underlying the fruit quality formation and its regulations is quite limited, which prevents the further development of the bayberry industry.
As a valuable tool for various genome-scale experiments, expressed sequence tags (EST) have been extensively applied to identify functional genes, to reveal gene expression patterns for various tissues of different developmental stages, to explore the EST-based markers, and to analyze genomes from different species [15] [16] [17] . Recently, EST-based analysis of genes associated with fruit ripening and senescence or fruit quality changes has been carried out on various woody fruit crops, such as citrus [18, 19] , apple [20] [21] [22] , grape [23, 24] , kiwifruit [25] , peach [26] , etc. The results suggested that EST datasets are a valuable source for the studies associated with fruit quality regulation and for the development of functional molecular markers.
In the present study, cDNA libraries of fruit at four different ripening stages were constructed, and a total number of 2000 ESTs were obtained. Furthermore, genes related to fruit quality and ripening were identified and their transcript abundance during fruit ripening was analyzed.
Results and Discussion

Changes in Quality Attributes during Fruit Development and Ripening
During the fruit development and ripening, significant changes took place in fruit size, weight, as well as color and flavor attributes ( Figure 1 and Table 1 ). Fruit size and weight kept increasing from mature green (MG), pink ripe (PR), red ripe (RR), to full ripe (FR) stages during ripening, which is quite different from common fruits, such as tomato and citrus. Sugars accumulated while the organic acid content decreased during ripening, and such changes were quite apparent, especially in late ripening stages (Table 1) . Fruit color development, as indicated by changes in CIRG, was well correlated with the accumulation in anthocyanins. The fully ripe fruit had an average diameter of 28.02 ± 1.16 mm, TSS of 12.95 ± 0.71 Brix, TA of 6.65 ± 0.80 mg/g FW, and total anthocyanins of 88.03 ± 9.24 mg/100 g FW. 
Analysis of Bayberry Fruit cDNA Libraries and EST Library
The cDNA libraries for fruit at four different ripening stages were constructed with the titer of all the original cDNA libraries higher than 10 5 cfu/mL, while the titer for final EST libraries constructed thereafter were more than 10 9 cfu/mL ( Table 2 ). The recombinant rates of all the libraries were over 94%, and 500 recombinant clones from each library were chosen for sequencing for EST library construction. The length of EST ranged from 300 bp to 2000 bp (Table 2) , and the majority of the EST had a sequence length between 300 and 750 bp (Figure 2A ). Cluster analysis showed that 395 unigenes were obtained from the 2000 ESTs, and the unigenes' length distribution was shown in Figure 2B . The total number of tentative consensus sequences (TCs) was 94, and the total number of singletons was 301 ( Table 2 ). The diversity of expressed mRNA was lowest for MG fruit and highest for PR fruit ( Table 2 ), indicating that remarkable physiological changes occurred during the initiation of fruit ripening ( Figure 1 ). 
Functional Annotation of Bayberry EST
BLASTing Uniprot database with the sequences of 395 unigenes from bayberry EST resulted in functional classification of 315 unigenes, while 80 unigenes were unclassified ( Figure 3 ). About 15.44% unigenes were related to disease/defense, and they ranked as the first group with specific functional annotation available. Genes involved in metabolism (7.34% of the total unigenes) and energy (7.09%), ranked second and third, respectively. The rest of genes were annotated and classed into various cellular events, including protein synthesis (5.82%), cell growth and division (5.57%), transcription (4.30%), cell structure (3.80%), secondary metabolism (3.54%), protein destination and storage (3.29%), signal transduction (3.04%), transporters (2.28%), and intracellular traffic (1.77%). Besides this classification of unigenes, 16.46% genes were found without clear functional denotation. Generally, as the fleshy fruit ripens, degradation of cell wall materials exacerbated, which facilitated infection of fungus pathogens. The expression of a high number of disease/defense genes might be adaptive responses of Chinese bayberry ripe fruit to environments. 
Analysis of Highly Expressed Genes from "Biqi" Fruit ESTs
Ten highly expressed genes in the ESTs accounted for 1140 sequence reads, which was 57% of the total. The highest frequency gene (MRU00001) sequenced 408 times in four libraries, which alone accounted for 20.4% of the total EST numbers, and it showed highest amino acid sequence identity (77%) with metallothionein-like protein type 3 (MT3) from Musa acuminata. MTs are proteins involved in metal detoxification and homeostasis in the plant, and another two highly expressed genes (MRU00007 and MRU00032) showed 82% and 77% amino acid identity with MT2 from Ricinus communis and Fagus sylvatica, respectively. Another three highly expressed genes with more than 100 sequence reads might encode proteins, such as phytocystatin cysteine proteinase inhibitor 1 (MRU00012), phase-change related protein precursor (MRU00135), and thaumatin-like protein (MRU00040), respectively. In addition, genes encoding GAST-like protein and heat-shock proteins were all detected as highly expressed genes in "Biqi" fruit ESTs, and, therefore, data in Table 3 was consistent with those in Figure 3 for the high percentage of disease/defense genes in ESTs. The presence of gene-encoding flavonoid 3'-hydroxylase (F3'H) (MRU00008) as highly expressed genes was also consistent with the accumulation of pigment during fruit development and ripening (Table 3) . Moreover, this is also consistent with what was reported on the highest transcript abundance of MrF3'H among all anthocyanin biosynthesis genes [27] . 
Identification of Genes Regulating Bayberry Fruit Ripening and Senescence
Based on the BLAST result, ESTs encoding 1-aminocyclopropane-1-carboxylic acid oxidase (ACO) (MRU00059), ethylene response factor (ERF) (MRU00110), ethylene-insensitive 3-like protein (EIL) (MRU00129), and 9-cis-epoxycarotenoid dioxygenase (NCED) (MRU00088) were identified in the ripening bayberry library (Table 4) , indicating regulation of the plant hormone ethylene and ABA signal transduction pathway during fruit ripening and senescence. Chinese bayberry fruit was classified as a climacteric fruit due to its typical climacteric respiratory and ethylene behavior during postharvest storage [11] . The three ESTs identified that are associated with ethylene biosynthesis and transduction may provide important tools for the discovery of the molecular regulatory mechanisms of bayberry fruit by ethylene. Other senescence-associated proteins (MRU00062 and MRU00387), ascorbate peroxidase (MRU00242), and cytochrome C reductase protein (MRU00050) were also identified as a result of the BLAST analysis.
Identification of Genes Associated with Quality Formation in Ripening Bayberry Fruit
Bayberry fruit undergoes significant quality changes during fruit development and ripening [11] . Fruit pigments and volatiles accumulate as fruit become soft, juicy, and full of flavor. Over 100 ESTs were discovered to be related with such fruit quality formation and regulation. Genes encoding flavonoid 3'-hydroxylase (F3'H, MRU00008) and transcript factor MYB (MRU00113) were highly expressed ESTs during ripening stages (Table 5) , which is important for the pigment accumulation during fruit development (Figure 1) , and UDP-glucose:flavonoid 3-O-glucosyltransferase (UFGT) (MRU00098) was identified in the FR fruit library. F3'H and UFTG were proven to be two key enzymes in anthocyanin biosynthesis in Chinese bayberry, which was regulated by MrMYB1 [27] .
Metabolism of sugar and organic acid during fruit development is important for the formation of flavors of bayberry characteristics [11] . Genes encoding vacuolar ATP synthase subunit G1 (MRU00009), 6-phosphogluconate dehydrogenase (MRU00061), α-glucosidase-like protein (MRU00369), and β 1-3 glucanase (MRU00046) ( Table 5) were identified. Vacuolar ATP complex was important in the transport of organic acid between mitochondrion and cytoplasm, so expression of its subunit G1 was closely related to degradation of organic acid during fruit ripening.
In addition, enzymes involved in cell wall modification play an important role in regulating fruit texture changes as fruit softens during ripening. ESTs encoding polygalacturonase inhibitor-like protein (PGIP) (MRU00130), polygalacturonase (PG) (MRU00124), and peroxidase (POD) (MRU00022) were identified in the FR library (Table 5) .
For the aroma formation during bayberry development, 19 ESTs were identified as possibly encoding three members of alcohol dehydrogenases (ADH) (MRU00010, MRU00108, MRU00126) ( Table 5 ). The biosynthesis of ADH during RR and FR stages was associated with the increased contents of ethanol and acetaldehyde as parts of aroma composition during fruit ripening (Table 1) . Amino acid sequence alignment of three bayberry ADH members with those from other plants is shown in Figure 4 , and they demonstrated high amino acid identity with ADHs from persimmon (Diospyros kaki), alder (Alnus glutinosa), and grape (Vitis vinifera). Additionally, ESTs encoding short chain alcohol dehydrogenase were also obtained (Table 5) . 
Experimental Section
Plant Materials
Chinese bayberry (Myrica rubra Sieb and Zucc. cv. Biqi) fruit were harvested from the Germplasm Collection of China Bayberry at Yuyao city, Zhejiang Province, China, at four different ripening stages according to fruit color, i.e., mature green (MG), pink ripe (PR), red ripe (RR), and full ripe (FR) (Figure 1 ). The flesh tissues were taken and frozen in liquid nitrogen, and then stored at −70 °C.
Fruit Surface Color Measurement
Ten fruits for each ripening stage were subjected to color measurement with MiniScan XE Plus (HunterLab, Reston, VA, USA) and the color index of red grapes (CIRG) was calculated to indicate the fruit maturity as described by Zhang et al. [11] , where CIRG = (180 − H)/(L* + C).
Total Soluble Solid (TSS) and Titratable Acidity (TA)
Total soluble solids (TSS) and total titratable acids were measured according to Zhang et al. [11] . TSS contents (°Brix) of 10 fruits, two measurements per fruit, were determined with a handheld refractometer (ATAGO PR-101α, Tokyo, Japan). For TA analysis, one gram of fruit mesocarp tissue derived from a segment of flesh was ground with 5 mL of distilled water. After filtration and centrifugation for 10 min at 10,000 × g, the supernatant was brought to 10 mL with distilled water. The water was heated for 5 min at 100 °C to eliminate CO 2 , and subsequently titrated with freshly prepared 10 mmol/L NaOH to pH 8.2. TA was quantified as citric acid equivalents and results were expressed as mg/fresh weight (FW). The samples for TA analysis were taken in triplicate.
Determination of Total Anthocyanin Contents
Anthocyanin quantification was performed as described by Zhang et al. [4] . The fruit extract was diluted with buffers at 1:5, respectively. Absorbance at 510 nm and 700 nm using a spectrophotometer (DU-8000 Beckman Coulter, Fullerton, CA, USA) were recorded for reactions at both pHs. Results were expressed as mg C3G equivalents/100 g FW using a molar extinction coefficient of 29,600. The samples for anthocyanin determination were taken in triplicate.
Determination of Alcohol Contents
The method for measurements of acetaldehyde and ethanol production was slightly modified from that of Ke and Kader [28] . Frozen fruit powder was homogenized in 5 mL saturated NaCl solution. 5 mL of the mixture were put in a 10 mL air-tight test tube with crimp-top caps. Before measurement, the test tube was incubated at 60 °C for 1 h in a water bath. Then, 1 mL sample of the head space gas was withdrawn from each test tube and injected into the gas chromatograph (Lunan Chemical Engineering Instrument Co. Ltd., model GC-6800, Shandong, China) equipped with a flame ionization detector (FID) and a PGE-20K packed column (Lunan Chemical Engineering Instrument Co. Ltd). The injector, detector and oven temperatures were 150, 80 and 150 °C, respectively. Sec-butyl alcohol was added to each vial as an internal control. Acetaldehyde and ethanol was identified by comparison of retention times, and the results were calculated using standard curves.
Construction of Bayberry Fruit cDNA Library
Total RNA was extracted according to our previously published protocol [29] . Poly(A) RNA was isolated using PolyATtract ® mRNA Isolation Systems (Promega, Madison, WI, USA) according to the procedure recommended by the manufacturer, and the concentration of poly(A) RNA isolated was quantified fluorometrically as described by Wang et al. [30] . Synthesis of double-stranded cDNA, construction and titration of cDNA libraries were carried out using a Creator™ SMART™ cDNA Library Construction Kit (Clontech Laboratories, Inc., Mountain View, CA, USA) according to the instructions of the manufacturer, except that the cDNA size fractionation was completed with a gel-recovery strategy using Wizard ® PCR Preps DNA Purification System (Promega, Madison, WI, USA). The cDNA libraries were constructed using the pDNR-LIB vector. The recombinant pDNR-LIB plasmids harboring cDNAs were transformed into ElectroTen-Blue The size of insert in individual cDNA clones was analyzed by conventional PCR with pDNR-F3 (5'-ACGACTCACTATAGGGCGCT-3') and pDNR-R2 (5'-GCGCCAAACGAATGGTCTAG-3') as primers. Clones with insert shorter than 300 bp were excluded from further sequencing. Sequencing was completed by Invitrogen Biotechnology Co., Ltd. (Shanghai, China) with pDNR-F3 as sequencing primer.
Bioinformatics Analysis
After removal of vector sequences, the final sequences were recorded as ESTs. Alignment of ESTs was completed with Clustal X 1.81 (Institut de Genetiave et de Biologie Moleculaire et cellvlaire, CNRS/INSERM/VLP, Illkirch Cedex, France). Sequences with a 40-bp-overlap of no less than 97.5% homology were regarded as tentative consensus sequences (TCs), while the others as singletons. Homologous information for individual unigene was obtained by BLASTing UniProt [31, 32] . The function of each individual unigene was classified according to Bevan et al. [33] .
Statistic Analysis
Experiments were performed in triplicate and data were expressed as the mean ± standard deviation.
Conclusions
In conclusion, based on analysis of 2000 ESTs from cDNA libraries of bayberry fruit at four different ripening stages, a total of 395 unigenes were obtained. Genes encoding elements associated with ethylene biosynthesis and signal transductions, and other senescence-regulating proteins, as well as those related to fruit quality attributes were identified. It was then observed that expression of these genes generally increased as the fruit ripened, which was suggested to be involved in fruit quality formation and regulation during fruit ripening.
